Abstract-Thrombosis is the major cause of early vein graft failure. Our aim was to determine whether alterations in the expression of the anticoagulant proteins, thrombomodulin (TM) and the endothelial cell protein C receptor (EPCR), impair endothelial thromboresistance that may contribute to vein graft failure. Immunohistochemical staining of autologous rabbit vein graft sections revealed that the expression of TM, but not EPCR, was reduced significantly early after graft implantation. Western blot analysis revealed that TM expression was reduced by Ͼ95% during the first 2 weeks after implantation, with gradual but incomplete recovery by 42 days. This resulted in up to a 95% reduction in the capacity of the grafts to activate protein C and was associated with an increase in bound thrombin activity, which peaked on day 7 at 28.7Ϯ3.8 mU/cm 2 and remained elevated for more than 14 days. Restoration of TM expression using adenovirus vector-mediated gene transfer significantly enhanced the capacity of grafts to activate protein C and reduced bound thrombin activity on day 7 to levels comparable to that of normal veins (5.7Ϯ0.4 versus 5.2Ϯ1.1 mU/cm 2 , respectively, Pϭ0.74). Surprisingly, neointima formation was not affected by this inhibition of local thrombin activity. These data suggest that the early loss of TM expression significantly impairs vein graft thromboresistance and results in enhanced local thrombin generation. Although enhanced local thrombin generation may predispose to early vein graft failure due to thrombosis, it does not seem to contribute significantly to late vein graft failure due to neointimal hyperplasia. 
A utologous vein grafts are the most frequently used conduits for coronary and peripheral arterial bypass surgery. Compared with arterial grafts, vein grafts suffer a significantly higher failure rate that limits their clinical efficacy. One-and 12-month failure rates for coronary bypass vein grafts approach 12% and 20%, respectively, and are predominantly due to occlusive thrombosis. 1, 2 Late vein graft failure is due mainly to neointimal hyperplasia and accelerated atherosclerosis. Although surgical trauma and technical factors have often been invoked as possible causes of early graft failure, little is known about changes that may occur to the graft endothelium that might predispose to thrombosis. 3, 4 Thrombomodulin (TM) and the endothelial cell protein C receptor (EPCR) constitute key components of the protein C pathway and are therefore major contributors to vascular thromboresistance. 5, 6 Upon binding to TM, thrombin is rendered incapable of enzymatically cleaving fibrinogen or cellular thrombin receptors but acquires the ability to activate protein C. Activated protein C (APC) proteolytically degrades factors Va and VIIIa of the coagulation cascade, thereby inhibiting further thrombin generation. EPCR has recently been found to augment the efficiency of APC generation by binding protein C in solution and "presenting" it to the thrombin/TM complex. 7 Evidence suggests that reduced expression of TM and/or EPCR, with the consequent impairment of APC generation, contributes to the thrombotic manifestations of several diseases, including sepsis, transplant rejection, and radiation enteropathy. 8 -11 We hypothesize that the exposure of veins to an arterial environment adversely affects endothelial cell thromboresistance, thereby predisposing vein grafts to thrombosis and early failure. To characterize this process, we investigated the expression patterns of TM and EPCR in rabbit vein grafts and made correlations to local APC and thrombin activity. We then determined the effect of restoring TM expression using adenovirus vector-mediated gene transfer. Our findings suggest that TM is a major contributor to vein graft thromboresistance and that reductions in its expression facilitate local thrombin generation that may predispose to thrombotic graft occlusion.
Materials and Methods

Animal Model
All animal procedures were approved by the Johns Hopkins University Animal Care and Use Committee. A well-characterized rabbit vein graft model was used with modifications. 12 Male New Zealand White rabbits (Robinson Services, Clemmons, NC) weighing 2.5 to 3.5 kg were sedated with 25 to 75 mg of intravenous thiopental, intubated, and anesthetized with 1% to 2% halothane. The left jugular vein and carotid artery were exposed through a midline incision. An approximate 2-cm segment of the external jugular vein was isolated and resected. End-to-side interpositional grafting of the jugular vein segment to the carotid artery was performed using 8-0 Prolene sutures. Rabbits were administered 100 U/kg of intravenous heparin before performing the arteriotomies. To control for the effects of surgical manipulation, a group of 3 rabbits underwent interpositional grafting of vein segments into the contralateral jugular vein in similar fashion. Wounds were closed with 4-0 Vicryl sutures. At harvest, vein grafts were isolated and the proximal and distal carotid segments cannulated. Grafts were flushed gently with saline and either used immediately for in situ coagulation assays or perfusion-fixed under distending pressure with 10% formalin in phosphate-buffered saline for immunohistochemical and morphometric analysis.
The surgical protocol was modified for experiments involving viral transduction of the grafts. Jugular vein segments were isolated, cannulated, and flushed with M-199 medium (Mediatech Inc). They were then incubated in situ under gentle distending pressure with 400 L of M-199 medium, containing 10 10.5 pfu/mL of the appropriate adenovirus vector. After 1 hour, the viral solution was removed and the transduced vein segments were flushed gently with fresh medium. Segments were then interposed into the carotid circulation as described above.
Construction of Adenovirus Vectors
The plasmid, pUC19TM15, containing the full-length cDNA sequence of the human TM gene, was obtained from the American Type Culture Collection, Manassas, Va (ATTC No. 61348). The EcoRI fragment containing the TM sequence was ligated into the multicloning site of pAdlox, a shuttle plasmid containing the CMV immediate-early promoter and SV-40 virus polyadenylation signal. The first-generation recombinant adenovirus vector, AdTMh5, was generated by cotransfection of pAdTMh5 and purified 5 adenovirus DNA into CRE8 cells as previously described. 13 pAdlox, the 5 adenovirus, and CRE8 cells were a generous gift of Dr Stephen Hardy, Cell Genesys Inc, Foster City, Calif. AdNull-1, a control adenovirus vector containing no transgene, was generated in similar fashion. Recombinant virus was propagated in 293 cells and purified by double cesium chloride centrifugation. Viral stocks were plaque titered on 293 cells and replication incompetence was verified using A549 cells.
Immunohistochemistry
Three to seven transverse sections were cut from formalin-fixed and paraffin-embedded vein grafts harvested at the indicated times. Care was taken to avoid sections close to the arteriovenous anastomoses. Adjacent sections were immunostained for TM using a goat antirabbit TM polyclonal antibody (No. 236; American Diagnostica, Greenwich, Conn), von Willebrand factor (vWF) using a mouse monoclonal anti-human vWF antibody (F8/86; Dako, Carpeneria, Calif), and EPCR using gt ␣pgtEPCR, a goat anti-human EPCR polyclonal antibody. 14 Sections were incubated with an appropriate biotinylated secondary antibody and then horseradish peroxidaselabeled streptavidin. Peroxidase activity (red reaction product) was revealed by amionethylcarbazole (Dako).
Quantification of TM and vWF expression was performed on the above sections using computerized digital threshold analysis. Microscopic images of immunostained sections were captured using a Spot RT digital camera (Diagnostic Instruments Inc) mounted on an Olympus BX60 microscope (Olympus Optical Co). Images were normalized for luminosity and the intima masked to exclude nonspecific background staining. The degree of red spectrum-specific intensity reaching a prespecified threshold was quantified using SigmaScan Pro 5.0 software (SPSS). The number of pixels reaching threshold in the masked intima layer was divided by the lumen perimeter. The normalized values for TM and vWF expression in each section were used to calculate a vessel mean. The ratio of TM to vWF staining was determined for each vessel and normalized to the average value for ungrafted jugular veins.
Western Blot Analysis
Vein grafts and control vessels were harvested at the indicated times, minced, and sonicated in lysis buffer containing 1% Triton X-100, 100 g/mL PMSF, and 0.1 mol/L NaCl in 20 mmol/L Tris-Hcl (pH 7.5). After centrifugation, lysates were assayed for total protein content using a BCA protein assay kit (Pierce). One microgram of each sample was electrophoresed through a 10% to 20% gradient SDS-polyacrylamide gel (Bio-Rad) and then transferred to an Immobilon-P membrane (Millipore) using a Trans-Blot Electrophoretic Transfer Cell (Bio-Rad), according to the manufacturer's instructions. After overnight blocking, duplicate blots were incubated with 1:1000 dilutions of either a goat anti-rabbit TM polyclonal antibody (No. 236; American Diagnostica) or a mouse anti-human CD31 monoclonal antibody (JC/70; Dako) followed by incubation with a 1:25 000 dilution of an appropriate horseradish peroxidase-labeled secondary antibody (Amersham). TM and CD31 bands were detected by autoradiography using enhanced chemiluminescence (ECL-Plus; Amersham) and quantified by densitometric analysis using UN-SCAN-IT software (Silk Scientific).
In Situ Protein C and Thrombin Activity Assays
Measurement of APC-generating capacity was performed on freshly excised grafts and control vessels mounted in a modified template as previously described. 15 Because of the small size of rabbit carotid arteries, segments of aorta were used as arterial controls. The template was constructed by removing the bottom of a polystyrene 96-well plate. Vessels were positioned in the template such that the bottom of the well was formed by the luminal surface. Vessels were incubated at 37°C with 40 nmol/L human ␣-thrombin (Boehringer Mannheim, Indianapolis, Ind) and 1 mol/L human protein C (American Diagnostica) in 250 L Hanks' buffered salt solution (HBSS; Life Technologies). After 90 minutes, the thrombin was neutralized by the addition of 5 L of 50 mg/mL lepirudin (Hoechst Marion Roussel) and 150-L aliquots were removed and incubated at room temperature with 25 L of a 3 mmol/L solution of the chromogenic substrate, S-2366 (Chromogenix). The rate of conversion of the substrate was determined spectrophotometrically using a V max Kinetic Microplate Reader (Molecular Devices), and the amount of protein C activation was determined by comparison to a standard curve of human APC (American Diagnostica).
Measurement of bound thrombin activity was determined using modifications of previously described methods. 16, 17 Freshly excised vessels were washed with HBSS and placed in the template as described above. Because of the technical inability of placing rabbit jugular vein segments into the template reliably without exposing their adventitial surface to the substrate, rabbit inferior vena cavae (IVC) were used as venous controls. Vessels were incubated at 37°C with 333 mol/L of the chromogenic substrate, S-2238 (Chromogenix), in 250 L of 50 mmol/L Tris-HCl, 175 nmol/L NaCl, and 2 mmol/L CaCl 2 (pH 7.8). After 30 minutes, the supernatants were removed and the conversion of substrate was determined spectrophotometrically. Vessel segments were then incubated for 5 minutes with excess lepirudin, washed with HBSS, and incubated a second time with S-2238. The difference in absorbance at 405 nm before and after lepirudin treatment was taken to represent thrombin-specific conversion of the substrate. Bound thrombin activity was quantified by comparison to a human ␣-thrombin standard curve. Because of differences between the activities of soluble and bound thrombin, unit values reported are only approximately equivalent to NIH units. 17 
In Vivo Human TM Expression
Untransduced and adenovirus-transduced grafts were harvested at the indicated times, minced, and sonicated in lysis buffer containing 0.2% Triton X-100 and 100 mmol/L K 2 HPO 4 (pH 7.8). After centrifugation, lysates were assayed for human TM (hTM) using an Immubind Soluble Thrombomodulin ELISA kit (American Diagnostica) and normalized to total protein. The Immubind ELISA specifically recognized hTM but not rabbit TM, with a lower limit of detection equal to 0.625 ng/mL.
Measurement of Neointima Formation
Untransduced and adenovirus-transduced grafts were harvested at the indicated times, perfusion-fixed, and embedded in paraffin. Three to seven transverse sections were cut as described above and stained with Movat's stain. Microscopic images were captured and calibrated for distance and area. The lumen, neointima, and media areas were masked and measured using SigmaScan Pro 5.0 software. Average neointima thickness was calculated by this formula:
To compensate for variations in graft size, neointimal area was normalized to the maximal area bounded by the internal elastic lamina (IEL) calculated from measurements of IEL perimeter. Mean values for each graft were determined from the separate sections and used to calculate a group mean.
Statistics
All data are presented as meanϮSEM. Where indicated, comparisons between two groups were by two-tailed t test and comparisons between multiple groups by one-way ANOVA. A PϽ0.05 was considered statistically significant.
Results
TM and EPCR Protein Expression After Vein Graft Implantation
Alterations in the expression of endothelial cell TM and EPCR were assessed in vein grafts after implantation. Formalin-fixed autologous rabbit jugular vein grafts, har- vested between 1 and 42 days after implantation, were subjected to immunohistochemical analysis with specific TM and EPCR antibodies. TM expression by the luminal endothelium was visibly reduced in grafts harvested on day 3 compared with those harvested on day 42 and ungrafted jugular vein and aorta controls (Figure 1 ). In contrast, EPCR expression did not seem to change appreciably over time. Preserved endothelial cell integrity at all time points was verified by immunostaining for vWF in adjacent sections, as well as by scanning electron microscopy and immunostaining for CD31 of selected cryofixed grafts (data not shown).
To quantify changes in TM expression, Western blot analysis was performed on whole vessel lysates (Figure 2) . TM protein expression declined precipitously early after implantation, reaching a nadir between 3 and 7 days after implantation to Ͻ3% that of ungrafted jugular veins and carotid arteries (PϽ0.02). In contrast, vein grafts reimplanted into the venous circulation for 3 days (VVG) expressed 30-fold more TM than day-3 arterial grafts (PϽ0.01), indicating that the surgical procedure itself was not a major contributor to TM loss. TM expression in day-42 grafts was Ϸ60% that of ungrafted jugular veins, although the difference did not reach statistical significance (Pϭ0.06). Similar quantification of EPCR expression was not performed because of the large amount of soluble protein uptake by inflammatory cells adherent to or infiltrating the vessel wall. 18 Several weeks after implantation, vein grafts were observed to develop adventitial capillaries that express TM ( Figure 3A) . To differentiate TM expression by the luminal endothelium from that of the adventitial capillaries, digital threshold analysis of the intima layer was performed on graft sections immunostained for TM and vWF ( Figure 3B ). By this method, intimal TM expression was also reduced early after implantation compared with ungrafted jugular vein and carotid artery controls. Similar to Western blot analysis, TM expression in day-42 grafts remained substantially below that of ungrafted jugular vein and carotid artery controls.
Loss of TM Expression Is Associated With Decreased Graft Thromboresistance
We investigated the functional consequences of diminished TM expression on vein graft thromboresistance. This was accomplished by in situ measurements of the APC-generating capacity of the luminal endothelium and of the amount of thrombin activity bound to the vessel wall, a reflection of local thrombin activation (Figure 4 ). Similar to TM protein expression, the APC-generating capacity of vein grafts was markedly reduced early after implantation, with gradual, but incomplete, return at later time points. APC generation by day-7 grafts was only 5% that of jugular vein controls (PϽ0.001). Even after 42 days, the capacity of grafts to generate APC was only 46% and 68% that of aorta and jugular vein controls, respectively (PϽ0.01 for each). Early loss of APC-generating capacity was associated with a marked increase in bound thrombin activity appearing on the graft luminal surface, indicative of increased local thrombin generation. Bound thrombin activity peaked on day 7 at 28.7Ϯ3.8 mU/cm 2 of graft surface area, with gradual return to baseline levels by day 28. This degree of bound thrombin activity is similar to that observed after acute balloon injury of rabbit aortas. 16 
Restoration of TM Expression Preserves Graft Thromboresistance
To determine a causal relationship between loss of APCgenerating capacity and local thrombin generation, TM expression was restored using adenovirus-mediated gene transfer. A first-generation adenovirus vector, AdTMh5, was constructed that contained the full-length cDNA encoding for hTM. Transduction of vascular cells in vitro with AdTMh5 resulted in a dose-dependent increase in both the expression of hTM antigen and capacity to generate APC (data not shown). Preliminary in vivo dosing studies, using an identical vector expressing the nuclear-targeted ␤-galactosidase gene, revealed that the optimal dose for gene transfer to rabbit vein grafts using our protocol was 10 10.5 pfu/mL. At this dose, there is substantial transduction of graft endothelial cells with moderate transduction of medial smooth muscle cells (data not shown).
The expression of hTM in vein graft lysates was quantified using an ELISA that specifically detects human, but not rabbit, TM. Transduction of rabbit vein grafts with AdTMh5 at the time of implantation resulted in a maximal expression on day 7 of 257Ϯ49 ng hTM/mg total graft protein ( Figure 5 ). Significant hTM protein expression persisted for more than 14 days and was detectable in low quantities even after 42 days. Untransduced grafts and grafts transduced with AdNull-1, an identical adenovirus vector expressing no transgene, had no detectable hTM at any time point.
Transduction of vein grafts with AdTMh5 restored their capacity to generate APC ( Figure 6 ). APC generation paralleled recombinant hTM expression, peaking on day 7 to levels that were 17 and 40 times higher than AdNull-1-transduced and untransduced grafts, respectively (PϽ0.01 for each). At all time points beyond 3 days, APC generation was significantly higher for AdTMh5-transduced grafts than for control grafts (PՅ0.03 by ANOVA). Restoration of graft APC-generating capacity significantly reduced local thrombin generation. Transduction of grafts with AdTMh5 reduced bound thrombin activity on day 7 by 75% to 80% (PϽ0.03 for AdTMh5 versus each control group) to levels found in control veins (Figure 7 ). Bound thrombin activity was uniformly low in AdTMh5-transduced grafts harvested earlier on day 3 (8.3Ϯ1.9 mU/cm 2 ) and later between 14 and 42 days (range 3.9Ϯ0.4 to 8.3Ϯ2.0 mU/cm 2 ), demonstrating the consistency and persistence of this effect.
Effect of Thrombin Inhibition on Neointima Formation
Inhibition of local thrombin activity has been demonstrated to reduce neointimal hyperplasia after acute arterial injury in several animal models. 19 Given that restoration of TM expression significantly reduced local thrombin activity in vein grafts, we investigated whether this might also reduce neointima formation. Average neointimal thickness and normalized neointimal area were measured using digital morphometric analysis of grafts that were transduced with no virus, AdNull-1, or AdTMh5 and harvested after 42 days (Figure 8 ). Despite inhibiting local thrombin generation, there were no reductions in neointimal thickness or area. There was also no difference in neointima to media area ratios between groups, although difficulties in accurately identifying the external elastic lamina in rabbit vein grafts make this a relatively unreliable measurement of neointimal hyperplasia (data not shown).
Discussion
The major findings of the present study are (1) the expression of TM, but not EPCR, is dramatically reduced early after vein graft implantation and exhibits only partial recovery after 6 weeks; (2) loss of TM expression diminishes the capacity of grafts to generate APC, which facilitates unopposed local thrombin generation; (3) TM expression and activity can be restored using adenovirus-mediated gene transfer; and (4) local thrombin generation does not seem to promote vein graft neointima formation, as it does after arterial injury.
Local Thrombin Generation in Vein Grafts
Thrombosis is the major cause of early vein graft failure, yet little is known from in vivo studies about factors that might predispose vein grafts to thrombus formation. Acute arterial injury is known to cause tissue factor-mediated activation of the coagulation system resulting in local thrombin generation. 20 Measurements of thrombin activity bound to the wall of balloon-injured rabbit arteries reveals that local thrombin generation peaks within the first 24 to 48 hours after acute injury but may persist at low levels for more than 7 days. 16, 17, 21 Similar measurements in vein grafts have not previously been reported. In the present study, the extent of local thrombin generation in vein grafts was found to be of the same magnitude as in injured arteries but with a later peak and of longer duration. This suggests that vein grafts are subjected to a significant but more chronic form of injury.
Detailed morphological studies of rabbit vein grafts demonstrate significant inflammation and evidence of endothelial injury, but not of substantial endothelial cell loss, during the first 2 weeks after implantation. 12, 22 Scanning electron micrographs performed in our laboratory confirm these findings and also reveal a carpeting of platelets and fibrin over the graft luminal surface during this period (data not shown). Channon et al 23 found a marked increase in tissue factor expression within the intima of rabbit vein grafts harvested early on day 3, but not in grafts harvested later on days 14 or 28. Interestingly, tissue factor expression was found to colocalize to infiltrating leukocytes, not to graft endothelial cells. These findings suggest the critical importance of the inflammatory response in initiating the shift toward a local procoagulant environment.
Although nascent tissue factor expression may initiate local thrombin generation, alterations in endothelial cell thromboresistance are likely to contribute to its magnitude and persistence. Two elements from the present study support this concept. The first is that local thrombin generation continues well beyond 14 days, correlating more closely with loss of APC-generating capacity than with tissue factor expression. The second is that restoration of TM expression with adenovirus vector-mediated gene transfer was able to completely blunt local thrombin generation. It clearly would have been desirable to determine whether the restoration of TM could reduce acute graft thrombosis. Unfortunately, the model used for the present study is inadequate for this purpose and no widely accepted models of acute vein graft thrombosis currently exist.
Although TM seems to be an important contributor to vein graft thromboresistance, alterations in the expression or activity of other molecules may also predispose grafts to early thrombosis. For example, Mann et al 24 found that stimulated nitric oxide production by rabbit vein grafts harvested at 28 days was Ͻ50% that of ungrafted jugular veins and Ͻ30% that of carotid arteries. This study did not specifically address how the loss of nitric oxide production might contribute to vein graft failure. Nevertheless, it is consistent with our data in suggesting that a prolonged period of endothelial dysfunction exists after vein graft implantation. Further studies are needed to characterize other molecular changes occurring as part of this maladaptive process and to determine when, if ever, vein grafts become fully "arterialized."
Mechanism of Thrombomodulin Loss
The mechanism responsible for the loss of TM protein expression after vein graft implantation is likely to be complex and multifactorial. Circumstantial evidence suggests that inflammation may play an important role. It is known, for example, that TM can be cleaved and shed from the surface of endothelial cells by granulocyte elastase that is secreted by activated neutrophils. 25 Inflammatory cytokines, particularly tumor necrosis factor-␣ (TNF-␣), are known to be potent inhibitors of TM gene expression. 26, 27 Recent in vivo studies have also demonstrated that TNF-␣ potentiates neutrophilmediated endothelial cell injury and shedding of surface TM. 28 These findings are particularly relevant given that rat vein grafts explanted at 4 weeks and placed in organ culture elaborated nearly 10-fold more TNF-␣ than do control veins or vein grafts reimplanted into the venous circulation. 29 TM expression may be altered by the exposure of vein grafts to arterial pressure and flow. Endothelial cells in culture are known to downregulate TM gene expression in response to elevated shear stress or cyclical strain. 30, 31 Gosling et al 31a found that placing freshly excised human saphenous vein segments under arterial flow conditions for 90 minutes using an ex vivo perfusion system resulted in a 40% reduction in TM protein expression as detected by quantitative immunohistochemical analysis. Although changes in TM gene expression were not measured, there was no detectable increase in soluble TM in the graft perfusate to suggest significant shedding of the surface protein. More sophisticated studies isolating the effects of mechanical forces from those of inflammation will be required to determine the relative contributions to the loss of in vivo TM expression.
Effect of Thrombin Generation on Neointima Formation
Neointimal hyperplasia is a major cause of late vein graft failure. 1,2 Local thrombin generation contributes to neointima formation after acute arterial injury 19 and is often assumed to have similar effects in vein grafts. Recent in vitro studies seem to support this concept by demonstrating that thrombin is significantly more mitogenic for smooth muscle cells derived from human saphenous veins than from internal mammary arteries. 32 It was therefore surprising that restoring TM expression, with documented blunting of local thrombin activation, did not reduce neointima formation. These results contrast the findings in balloon-injured rabbit arteries where local adenovirus-mediated TM expression did result in a 38% reduction in the average neointima to media area ratio. 33 Although it is conceivable that soluble fragments of TM or small amounts of residual thrombin activity may promote neointimal growth, 34 a more plausible explanation for our results is that local thrombin generation is not a significant stimulus for neointimal hyperplasia in vein grafts, as it is in arteries after acute injury. Experiments using alternative methods of inhibiting local thrombin activation, ie, with a direct thrombin inhibitor, might help to confirm this finding.
Conclusions
Early vein graft thrombosis remains a significant cause of morbidity and mortality in patients undergoing peripheral and cardiac bypass surgery. The present study demonstrates that TM is an important contributor to vein graft thromboresistance and that its loss leads to enhanced local thrombin generation. The mechanism of TM loss is likely complex and will require further investigation to be more clearly defined. Strategies that either prevent the loss of TM expression or restore its functional activity may hold promise in the treatment of patients with vein graft disease.
